A flexible filter paper based composite electrode was prepared via the convenient one-step synthesis of silver doped graphene for the first time, followed by in-situ polymerization of aniline monomers. Using L-ascorbic acid for simultaneous reduction of grapheme oxide and silver nitrate, we provided a new and green method to prepare graphene hybrid sheets without toxicity. It was found that the as-fabricated hybrid electrode formed a three-dimensional porous architecture, which not only increased the specific surface area of composite, but also facilitated the ion diffusion of the electrolyte. In addition, according to the tests of electrochemical performances, the flexible hybrid electrode subsequently exhibited exceptional specific capacitance of 437.3 F/g, energy density of 1133.5 W·h/kg and power density of 88.8 kW/kg, respectively. Meanwhile, the as-prepared hybrid demonstrated a good cycling stability with only 10.99% specific capacitance deterioration after 5000 times of cycling. This preparation technology presented here shows great potential for the development and application of wearable and portable energy storage devices, particularly for flexible supercapacitors. Moreover, this study puts forward a general, simple and low-cost route of fabricating a novel flexible electrode on a large scale, eventually for environmental protection. Nanomaterials 2019, 9, 1434 2 of 12 using the carbon nanomaterial/metal oxide/ polyaniline composite as electrodes [9] [10] [11] . Owing to the development of portable and wearable technology, electronic devices with good flexibility and low cost are increasingly being sought after because of the excellent electrochemical performances upon mechanical bending [12] [13] [14] [15] . Recent years have witnessed the great efforts of researchers to develop and find the low-cost and simple technology of preparing flexible, lightweight and ultrathin substrates, which is considered as one of the crucial steps in preparing flexible supercapacitors with high performances [16, 17] .
Introduction
With the aggravation of environmental pollution and the over exploitation of natural resources, the development and utilization of renewable energy has aroused extensive attention and research throughout the world. Among numerous energy storage systems, the supercapacitor is the most promising device by virtue of its excellent properties [1] [2] [3] [4] . Generally, depending on the charge storage mechanisms, supercapacitors can be divided into two general categories: Electric double layer capacitors (EDLCs) and faradaic pseudocapacitors [5, 6] . For EDLCs, capacitance relies on the charge accumulation of the ions absorbed from the electrolyte through electrostatic force. Carbon nanomaterials (e.g., carbon nanotubes and graphene) with large surface area and high activity are the most popular materials for EDLC electrodes in recent years [7] . However, pseudocapacitance depends on the reversible redox reactions taking place on the surface of the electrode. There are two types of materials that can be used for pseudocapacitors. These are transition metal oxides (e.g., manganese dioxide) and conductive polymers (e.g., polyaniline), respectively [8] . In order to combine the advantages of EDLCs and pseudocapacitors, hybrid supercapacitors were fabricated by Herein, in this paper, a three-dimensional flexible PANI/rGO/Ag/FP ultrathin electrode was reported using a facile method. To start with, silver nanoparticles and the reduced graphene oxide were grafted to the filter paper by a chemical reduction with L-ascorbic acid. Then polyaniline nanostructures were prepared via situ polymerization at room temperature. X-ray diffraction, Raman spectrum, scanning electron microscope and high-resolution transmission electronic microscope were jointly employed to confirm the structure and morphology of PANI/rGO/Ag/FP hybrid, respectively. The electrochemical results showed an excellent specific capacitance of 437.3 F/g, energy density of 1133.5 W h/kg and power density of 88.8 kW/kg, respectively. The reason for this was that the silver nanoparticles, graphene and polyaniline combined with the porous filter paper produced synergistic effects in the hybrid. Besides, the specific capacitance retention of flexible electrode was up to 89.01% after 5000 cycles, indicating good cycling stability.
Materials and Methods

Materials
Graphite powder was procured by Risheng Graphite Ltd., Qingdao, China and the purity was greater than 99%. Filter paper (FP), 36% concentrated hydrochloric acid (HCl), 98% concentrated sulfuric acid (H 2 SO 4 ), hydrogen peroxide (30%, H 2 O 2 ), potassium permanganate (KMnO 4 ), sodium nitrate (NaNO 3 ), silver nitrate (AgNO 3 ) and L-ascorbic acid (L-AA) were all purchased from Sanpu Fine Chemical Factory, Xi'an, China. All reagents were used as received.
Preparation of Graphene Oxide
Prior to the synthesis of electrochemical active substances on FP substrate, graphene oxide (GO) was prepared via the modified Hummers method by using natural graphite as raw material [32] [33] [34] . Then the obtained GO sheet was ground into a fine powder to make up of 0.2 mg/mL GO solution. Under the presence of ultrasound for 6 h, a uniform and well dispersed solution of GO was prepared.
Preparation of Flexible GO/AgNO 3 /FP Composite Film
The first step in preparing GO/AgNO 3 /FP hybrid was to cut FP into a piece of 3 cm × 1 cm in size and mark it to serve as flexible substrate. Afterwards, the pre-cut samples were immersed in 0.1 mol/L AgNO 3 solution prepared beforehand for 20 min and dried at room temperature. Then the FP cuttings impregnated with AgNO 3 were put into 0.2 mg/mL GO suspension to adhere GO to the surface. After that, they were dried under vacuum. The procedures above with the alternative utilization of AgNO 3 and GO mixture were repeated, respectively. The GO/AgNO 3 /FP hybrids were synthesized successfully after 20 cycles. Step 1 of Figure 1 provides an illustration to understand the procedures of preparation of flexible GO/AgNO 3 /FP composite film. 
Characterization
The chemical compositions of the samples were characterized by X-ray diffraction (XRD, D8advance, Bruker, Cu-Kα, λ = 1.5418 Å, Bremen, Germany) and Raman spectroscope (Jobin Yvon LabRam HR800, France), respectively. Besides, the scanning electron microscopy (SEM, Hitachi S-5200, Tokyo, Japan) and high-resolution transmission electron microscopy (TEM, Hitachi H-7650, Tokyo, Japan) were employed to investigate the morphological properties and microstructures of the 
Preparation of Flexible rGO/Ag/FP Composite Film
The reduction reaction was carried out by L-AA at room temperature. First of all, the GO/AgNO 3 /FP samples were treated with 0.1 mg/mL L-AA solution until the surface turned brownish black. After several times of vacuum drying and water washing, the as-prepared reduced GO (rGO)/Ag/FP composite presented a silky-black color with uniformly distributed and ultrafine silvery highlights. The preparation process can be seen in Step 2 of Figure 1 .
Preparation of Flexible PANI/rGO/Ag/FP Composite Film
Firstly, the as-prepared rGO/Ag/FP films were immersed in 0.2 M aniline and 1 M hydrochloride mixed aqueous solution for a while before polymerization. Then the standard oxidant of ammonium persulfate (0.25 M) in aqueous medium was poured into the above mixture to prepare PANI. Finally, after washing and drying for several times, PANI was successfully synthesized on the surface of rGO/Ag/FP composite. Figure 1 shows a schematic illustration of fabricating the flexible PANI/rGO/Ag/FP hybrid film.
Characterization
The chemical compositions of the samples were characterized by X-ray diffraction (XRD, D8-advance, Bruker, Cu-Kα, λ = 1.5418 Å, Bremen, Germany) and Raman spectroscope (Jobin Yvon LabRam HR800, France), respectively. Besides, the scanning electron microscopy (SEM, Hitachi S-5200, Tokyo, Japan) and high-resolution transmission electron microscopy (TEM, Hitachi H-7650, Tokyo, Japan) were employed to investigate the morphological properties and microstructures of the samples. The electrochemical performances of the as-synthesized electrode hybrids were characterized by an electrochemical workstation (CHI660 C, ChenHua Co., Ltd, Shanghai, China). The cyclic voltammetry (CV) measurements were performed under the potential window of −0.2~1 V with different scanning rates of 5, 10, 50 and 100 mV/s, respectively. The galvanostatic charge-discharge (GCD) tests were carried out under the current density of 1 A/g, 2 A/g and 5 A/g, respectively. The electrochemical impedance spectroscopy (EIS) technique was also used to study the reaction kinetics of PANI/rGO/Ag/FP composite material in the frequency range from 10 mHz to 100 kHz.
The electrochemical tests were carried out in 1 M Li 2 SO 4 aqueous solution with a two-electrode system at room temperature. The as-prepared samples were directly used as the working electrode and counter electrode, respectively. Meanwhile, the specific capacitance can be obtained from the CV curves according to the calculation formula, below [35] :
where C m is the specific capacitance, I is the galvanostatic discharge current, m is the total mass of the active material in two electrodes, ν is the scanning rate during CV measurement and ∆V is the voltage range, respectively. Moreover, the energy densities and power densities were calculated by the equations as follows:
where E is the energy density, P is the power density and ∆t is the discharge time during the charge-discharge measurements, respectively.
Results and Discussion
Structure and Morphology
The structure of the as-prepared hybrids was observed and investigated by means of XRD, SEM and TEM. Figure 2a shows the XRD patterns of rGO/Ag/FP and PANI/rGO/Ag/FP composites, respectively. Apparently, the results indicated that the prepared rGO/Ag/FP showed a broad intense peak at around 26.6 • , which was corresponding with the hexagonal structure of graphene. In addition, three weak diffraction peaks were also observed at 38.1 • , 44.5 • and 64.5 • , suggesting the successful preparation of silver nanoparticles by L-AA. As for the PANI/rGO/Ag/FP composite, the sharp dominant peak at 25.1 • was attributed to the reflection of PANI particles. After the formation of PANI, the specified peaks of silver nanoparticles gradually became indistinct, the reason of which was that the fresh layer of PANI covered on the surface of rGO/Ag/FP film had weakened the XRD characteristics of them. Remarkably, the XRD pattern of the PANI/rGO/Ag/FP exhibited a peak similar to that of rGO/Ag/FP hybrid. However, the central point of the peak moved forward and the span of it was widened obviously, demonstrating the existence of PANI. In conjunction with XRD, Raman spectra of the rGO/Ag/FP and PANI/rGO/Ag/FP hybrids were displayed in Figure 2b to make a comprehensive analysis of the chemical bonding structure. As expected, typical Raman signals corresponding to rGO were found from the two-target spectrum. Shown in Figure 2b , prominent peaks located around 1350 cm −1 and 1590 cm −1 were attributed to the D band and G band, respectively. It was worth noting that the Raman spectra of PANI/rGO/Ag/FP composite also displayed two new peaks at 1165 cm −1 and 1503 cm −1 , which suggested the formation of PANI on the surface of rGO/Ag/FP film [36, 37] . Moreover, the low intensity peak ranging from 600 cm −1 to 800 cm −1 was also assigned to the vibrations of PANI. Nanomaterials 2019, 9, x FOR PEER REVIEW 5 of 12
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Electrochemical Performances
The electrochemical performances of the as-fabricated PANI/rGO/Ag/FP hybrids were studied systematically by CV, GCD and EIS methods, respectively. For comparative analysis, the capacitive properties of the rGO/Ag/FP composites were also investigated under the same testing conditions. The CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP hybrids at the same scanning rate of 50 mV/s are shown in Figure 5a , respectively. By contrast, the CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP composites differed greatly. Apparently, the CV curve of rGO/Ag/FP displayed a near rectangle in shape and no redox peaks of rGO/Ag/FP hybrid were observed, implying a typical double layer capacitance. However, that of PANI/rGO/Ag/FP behaved a dramatic pseudocapacitance with a couple of sensitive and reversible redox peaks, which were assigned to leucoemeraldine-EB (A1/C1) and EB-pernigraniline (A2/C2) transformation of PANI [41] . Besides, the absolute area of the CV curve of PANI/rGO/Ag/FP composite was significantly greater than that of rGO/Ag/FP, demonstrating a higher specific capacitance of PANI/rGO/Ag/FP. The first reason for this can be put down to the high pseudo-capacitance energy storage characteristic and good conductivity of PANI formed on the surface of rGO/Ag/FP composite. The other reason was that the hybrid electrode of PANI/rGO/Ag/FP results in a synergistic effect happened among PANI, rGO and Ag particles. Figure  5b ,c display the CV curves of rGO/Ag/FP and PANI/rGO/Ag/FP under different scanning rates of 5 mV/s, 10 mV/s 50 mV/s and 100 mV/s, respectively. It was obvious that few changes have been observed on the CV curves of rGO/Ag/FP and PANI/rGO/Ag/FP hybrid with the scanning rates increasing, which suggested the rate performance of PANI/rGO/Ag/FP was as good as the almost ideal supercapacitor of rGO/Ag/FP composite. It was worth noting that the oxidation peaks of the PANI/rGO/Ag/FP hybrid shifted towards a positive direction, but the reduction peaks moved negatively as the scanning speed increased. The redox peaks were still clearly visible even at the high scanning rate of 100 mV/s, indicating the good rate ability discussed above. In order to contrast and analyze, the GCD curves of rGO/Ag/FP and PANI/rGO/Ag/FP hybrids were plotted on the same graph with the current density of 2 A/g. As shown in Figure 5d , the GCD curve of rGO/Ag/FP 
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The long-term cycling tests of PANI/rGO/Ag/FP hybrid were conducted by CV at the scan rate of 50 mV/s for 5000 times. As displayed in Figure 6a , initially, the specific capacitance maintained a high level with 97.06% retention over the first 2000 cycles. However, there was a slight reduction of the specific capacitance when the cycling number approached 3600, which was attributed to the loss of detached active materials falling from the electrode and then travelling to the electrolyte during the charge-discharge process. The image of the sample after cycling tests was displayed in the Figure 6a inset. Finally, the specific capacitance remained in a stable state with the low deterioration rate of 10.99%, indicating an excellent cycle stability of the PANI/rGO/Ag/FP composite. For flexibility, the specific capacitance retention rates of the electrode were also calculated under different bending degrees of (45 • , 90 • , 135 • , 180 • ) and repeated bending times (1000), respectively. As shown in Figure 6b , although the PANI/rGO/Ag/FP electrode experienced a maximum bending degree of 180 • and the highest number of bending times, the calculated retention rate remained as high as 90.1%. The long-term cycling tests of PANI/rGO/Ag/FP hybrid were conducted by CV at the scan rate of 50 mV/s for 5000 times. As displayed in Figure 6a , initially, the specific capacitance maintained a high level with 97.06% retention over the first 2000 cycles. However, there was a slight reduction of the specific capacitance when the cycling number approached 3600, which was attributed to the loss of detached active materials falling from the electrode and then travelling to the electrolyte during the charge-discharge process. The image of the sample after cycling tests was displayed in the Figure  6a inset. Finally, the specific capacitance remained in a stable state with the low deterioration rate of 10.99%, indicating an excellent cycle stability of the PANI/rGO/Ag/FP composite. For flexibility, the specific capacitance retention rates of the electrode were also calculated under different bending degrees of (45°, 90°, 135°, 180°) and repeated bending times (1000), respectively. As shown in Figure  6b , although the PANI/rGO/Ag/FP electrode experienced a maximum bending degree of 180° and the highest number of bending times, the calculated retention rate remained as high as 90.1%. 
Conclusions
In summary, a facile silver doped graphene strategy combined with polyaniline was employed to fabricate a lightweight and flexible filter paper based supercapacitor electrode with high electrochemical performance. Due to the large specific surface area of the chemical activities and porous structure of the filter paper, the as-prepared PANI/rGO/Ag/FP hybrid obtained a high surface area and favorable access for ions diffusion in the electrolyte, leading to an enhanced specific capacitance of 437.3 F/g, high energy and power densities of 1133.5 W h/kg and 88.8 kW/kg, respectively. Moreover, the PANI/rGO/Ag/FP also demonstrated an excellent cycling stability, which maintained 89.01% of the initial specific capacitance value after 5000 cycles. The mechanical bending 
In summary, a facile silver doped graphene strategy combined with polyaniline was employed to fabricate a lightweight and flexible filter paper based supercapacitor electrode with high electrochemical performance. Due to the large specific surface area of the chemical activities and porous structure of the filter paper, the as-prepared PANI/rGO/Ag/FP hybrid obtained a high surface area and favorable access for ions diffusion in the electrolyte, leading to an enhanced specific capacitance of 437.3 F/g, high energy and power densities of 1133.5 W h/kg and 88.8 kW/kg, respectively. Moreover, the PANI/rGO/Ag/FP also demonstrated an excellent cycling stability, which maintained 89.01% of the initial specific capacitance value after 5000 cycles. The mechanical bending tests of the electrode indicated an outstanding flexibility, which may suffer from excessive and repeated bending deformation. From the above results, the excellent electrochemical performances of the hybrid PANI/rGO/Ag/FP electrode make it a potential candidate for the flexible supercapacitor. Besides, the simple and reliable preparation process of this electrode can be used extensively in the field of energy storage. In addition, the facile method and porous structure of the as-prepared electrode presents the possibility for fabricating high-performance, low cost and environmentally friendly biomass-derivative products with great application potential.
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